Abstract. we find convincing evidence of dislocation tunneling in the superconducting state of an aluminum nystal below 1 K, that is, a flattening of the temperature dependence of applied stress amplitude between 0.1 -0.5 K for constant decrement of amplitude dependent internal friction (ADIF). Since the interaction potential of a dislocation with an impurity atom has been measured quantitatively by the ADIF, the height AU and width Ax of the potential bamer is given as a function of applied stress. For the crossover temperature T* between quantum tunneling and classical thermal activation given as T* = ( w k W u / ( f l~ Ax), thus the only adjusting parameter is an effective mass (M) of the dislocation segment that participates in the tunneling process. Using a modified Cottrell potential which has been determined as the interaction potential, T* is predicted to be 0.7 K when M is taken to be 100 A1 atomic masses. This magnitude is consistent with the experimental results.
INTRODUCTION
Although quantum mechanics has no inconsistency with observations in any phenomena, it is generally difficult to explain macroscopic system behavior directly from the fundamental equations of quantum mechanics. For instance, although the probability of quantum tunneling of a particle of mass M through a potential barrier of height AU and width Ax is given by P = vo ~X~( -~A~\ /~M A U & )
where vo is an effective attack frequency, tunneling in a macroscopic system with many degrees of fieedom and interacting with an atmosphere such as electrons and phonons is an unsolved problem of current interest because this issue could give us critical conditions for discriminating between quantum mechanical behavior and classical behavior in macrosystems. Recently, macroscopic quantum tunneling (MQT) has been considered in systems where the tunneling entity is linear rather than point-like. Examples include phase-slip vortices in superfluid 4~e [ l ] , quantum creep of magnetic flux lines in superconductors [2] , and vortex creep in neutron stars [3] . A dislocation in a crystal is another macroscopic system with distinct characteristics which make it a good choice for observing MQT and may give it an advantage over some of the others [4, 5] . For instance, the thermal activation process of a dislocation overcoming elementary barriers has been well studied [6] . There have been many dislocation tunneling studies in experiments [4, 7, 8] such as creep, plastic flow-stress and internal friction measurements, and in theoretical investigations [4, 9, 10 ] for a point-like barrier such as a forest dislocation or an impurity atom, and Peierls potential barrier. The dislocation system for tunneling, however, is not specified enough for macroscopic deformation measurements except for the large Peierls-barrier case. Theoretical studies presently predict considerably diverse magnitudes for the crossover temperature below which classical thermal activation gives way to quantum tunneling or some other quantum effect [4] , from below 1 K to several tens of K, because of rather rough approximations and unspecified parameter values. Thus a specified system with specific parameters is needed to have a more quantitative understanding.
It has been clear recently that a quantitative approach for dislocation-bamer interaction is possible with amplitude-dependent internal friction (ADIF) measurements [6] . In particular, low-temperature ADIF would provide detailed information on the dislocation-impurity atom interaction by using a quantitative breakaway string model of a pinned dislocation (Granato-Lucke model) for the temperature dependence of the stress amplitude for constant ADIF [11] . ADIF is also nondestructive and repeatable for the same sample, so more accurate information will be obtained than from plastic deformation measurements. For the region of classical behavior of thermally activated breakaway, the T~/~ dependence of stress amplitude on temperature in the low temperature region is established for the dislocation-single pinning point interaction[l2]. Furthermore, for aluminum crystals, the detailed form of the interaction potential has been determined from Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:19968186 a wide range of temperature dependence of ADIF, so the height A U and width Ax of the potential bamer is well specified as the function of applied stress [6, 8] .
PRINCIPLE OF MEASUREMENT
The system we choose for the dislocation-tunneling search is a dislocation pinned by impurity atoms. Since the longest double loop in the dislocation segment controls the breakaway, we consider the pinning atom in the double loop ( Fig.1) .
At a stress a close to the mechanical breakaway stress OM, since the interaction g force between a dislocation and a pinning atom is well approximated as a parabola, -= equating the exponent of the two rates. We consider two different interaction potentials for the dislocation-pinning atom interaction. One is the Cottrell type based on continuum-elasticity theory and the other is a modified Cottrell [6, 8] determined from the thermal activation analysis of the ADIF measurement in Al. The distinct difference is that the modified Cottrell has a rather narrow force width to be a dislocation mass of 100 atomic lengths, the crossover temperature is barrier.
predicted to be 0.78K and 0.62K for a Mg atom (binding energy 0.19 eV) and a Zn atom (0.lleV) in Al, respectively [8] .
EXPERIMENTAL
A zone-refined aluminum single crystal was chosen for the sample for the following reasons. First, an FCC crystal has a very small Peierls stress (-10-~p, p: shear modulus), so the specified interaction between a dislocation and a point defect can be studied. Second, the details of the interaction potential of a dislocation with a impurity atom have been well studied. Third, very pure crystals are available, i.e., the total impurity is about 1 ppm. Thus the stress amplitude where ADIF starts is very small and it is very important to reduce the heat generated from internal friction for low-temperature measurements below 1 K. For ADIF a composite oscillator method using -18.5" X-cut quartz rod was used[l3]. For temperature control a dilution refrigerator was used from 0.1 K to 5K.
The amplitude dependence of the decrement of the Al sample at 0.15K is shown in Fig.2 . The temperature in the sample chamber can be monitored either by directly attaching a Ge resistance thermometer to the center of the sample or by positioning it on an aluminum dummy rod nearby with a small amount of 3~e exchange gas (0.1 torr) introduced into the chamber to provide thermal contact between sample, thermometer and cooling pot. The indirect method is preferred so that the resonance of the sample is not disturbed, and a comparison between the two indicates that the indirect method provides an accuracy of about 0.01 K down to 0.15 K. Below this temperature, the low vapor pressure of the exchange gas and heating of the sample due to the internal dissipation make temperature control more difficult. The background loss AI (amplitude-independent internal fiction) is plotted in Fig.3 . For zero magnetic field, the temperature dependence below Tc follows BCS theory, and the magnitude of the decrement above Tc is consistent with the high sample purity, i.e., the resistivity ratio for RT to 4.2 K is estimated to be 15000 from the decrement[l4]. Furthermore the decrement A1 of the normal state with a magnetic field of 240G, which is about 213 of that with zero field, is explained by the increase of electrical resistivity due to magnetoresistance effects[l5]. Thus the background loss is mainly due to acoustic wave-conduction electron interaction. Next after subtracting the background loss from the decrement-strain amplitude curves for each temperature, the strain amplitude necessary for keeping a constant ADIF (AH) is determined and plotted in Fig.4 for the superconducting (s) state and normal (n) state. Unfortunately the normal state data are not good enough to discuss precisely because of the lack of higher temperature data above Tc and relatively large fluctuations of the data. Thus we will mainly discuss the s state data in section 4.
DISCUSSION
The negative temperature dependence above Tc is due to a thermal activation process and follows the T~/~ law as predicted. From the slope, the binding energy is estimated to be about 0.09 to 0.13 eV for lower to higher ADIF (AH) level assuming the modified Cottrell potential [6, 8] . This is a reasonable magnitude for the interaction. Below Tc, there is a rapid decrease of strain amplitude with decreasing temperature in the s state. This superconducting effect is known to be universal, appearing in other metals such as Pb, Sn and In [4] . The origin is generally explained by the inertial effects due to the decrease of electron scattering against dislocation motion[l6]. The damping constant Be due to electron scattering is considered to decrease as the acoustic damping due to conduction electrons in BCS theory and is predicted to be negligible (less than 3 %) around 0.4 Tc. Thus the decrease of strain amplitude will end around 0.5 K (about 0.6 K~/~) , and then an increase of strain amplitude with decreasing temperature is expected if a thermal activation process still controls the breakaway. In fact in the case of Pb crystals, there is the same negative slope of strain amplitude below 3 K (about 0.4 Tc for Pb) in the s and n state [17] . There is, however, no increase of strain amplitude in the Al sample down to 0.15 K, but a flattening instead between 0.15 and 0.5 K. We may conclude that this flattening is due to a tunneling process for dislocation breakaway through a pinning atom. The crossover temperature, T* is estimated to be 0.7 K for the interaction energy of 0.10 eV, by assuming 100 Al atom masses as the effective mass for the barrier of modified Cottrell potential. Thus this conclusion is not unreasonable.
On the other hand it is difficult to see quantum tunneling for the n state because of scatter in the data so far available. We would like, however, to discuss briefly the expected effect of dissipation on tunneling. further below 1 K, the tunneling process will be effective and T2/3 a flattening of the temperature dependence will be found. After Caldeira-Leggett, the crossover temperature T* is expected to be lower for the n state than the s state due to the exponent A~( A X )~~ is estimated to be 0.2. This is relatively small compared to the exponent AUAT (about a order of ten in our case). So it is expected that the crossover temperature will change by several % between the n and s states. From the n-state data shown here it is difficult to say where the sign for tunneling is. We need more measurements to confirm it.
